Abstract: Computational fluid dynamic modelling was carried out on a series of pipe bends having R/r values of 1.3, 5, and 20, with the purpose of determining the accuracy of numerical models in predicting pressure loss data from which to inform one-dimensional loss models. Four separate turbulence models were studied: the standard k-ε model, realizable k-ε model, k-ω model, and a Reynolds stress model (RSM). The results are presented for each bend in the form of upstream and downstream pressure profiles, pressure distributions along the inner and outer walls, detailed pressure and velocity fields as well as overall loss values. In each case, measured data were presented to evaluate the predictive ability of each model. The RSM was found to perform the best, producing accurate pressure loss data for bends with R/r values of 5 and 20. For the tightest bend with an R/r value of 1.3, however, predictions were significantly worse due to the presence of flow separation, stronger pressure gradients, and high streamline curvature.
INTRODUCTION
Fluid flows typically encountered in applications such as an engine manifold system, heating, ventilation, and air conditioning (HVAC) duct fittings, and commercial pipelines can be simplified into a onedimensional study on unsteady gas flow through a series of interconnected pipes and volumes. Onedimensional simulation codes require accurate pressure loss input data for each component in the system, which can be specified using experimental pressure loss data and empirical relationships from the existing literature. Data are often presented in the loss coefficient form, which tend to show difficulties in that it can be inconsistent and sensitive to small variations in pressure. Further, there is a lack of data for many components, and time and financial constraints make it difficult to characterize all components experimentally. Focus has been, therefore, turned to techniques of computational fluid dynamics (CFD) to simulate the flow through pipe configurations and to predict the pressure losses. The aim of this investigation is to study the ability of a commercial CFD code to accurately predict pressure loss data for a series of pipe bends having various radii of curvature.
A number of examples can be found in the literature of CFD investigations, which are aimed at predicting the flow through pipe bends. Patankar et al. [1] simulated the flow in a 180
• pipe bend using the twoequation k-ε model employing wall functions. The numerical predictions were compared with the experimental data of Rowe [2] . Some level of agreement was found between the predictions and the measured data, and in each case distortions were shown in the velocity field, with the maximum velocities shifting to the outside of the bend. The predictions showed a decrease in secondary flows after 30
• of the bend, which also agreed with the experimental data. Some discrepancies were observed between the predicted and experimental values for the velocity contours, which were attributed to the turbulence model as their work on laminar flows had given a much better correlation. The friction factor was under-predicted by a maximum of 8 per cent, highlighting the need for more sophisticated turbulence modelling. Shao and Riffat [3] examined the accuracy of CFD in predicting the pressure loss in an HVAC duct fitting, with a square section 180
• U-bend. The commercial CFD code Fluent 6 TM was used to compare the standard k-ε and Reynolds stress (RSM) turbulence models. The k-ε model provided loss predictions closest to experimentally obtained values, whereas the losses predicted by the RSM were found to be double of those predicted by the k-ε model. Smith et al. [4] simulated the flow in interacting HVAC duct fittings, which included a square cross-section 90
• bend with a contraction, an expansion, and a damper. They compared several turbulence models and discretization schemes, and compared the results with the experimental data. The authors found that the higher order k-ε model used in conjunction with wall functions and the QUICK discretization scheme provided good agreement with the measured data.
Recently, Hilgenstock and Ernst [5] modelled 45, 90, and 135
• bends. They compared two turbulence models, namely the standard k-ε and the re-normalization group (RNG) k-ε models, to experimental data. The RNG k-ε model was found to agree well with the experimental data and predicted the velocity profiles more accurately than the standard k-ε model, but at the expense of increased CPU time. Kim et al. [6] compared the standard k-ε, RNG k-ε, realizable k-ε, RSM, and Spalart-Allmaras turbulence models in a range of complex flow situations. They showed that a second-order discretization scheme should be used for complex flows, and that the wall functions provided an effective means of modelling the near wall regions in wall-bounded flows. The RSM gave the best predictions, as the three k-ε-based models over-predicted the pressure recovery. Kim et al. concluded that further studies were needed to understand the strengths and weaknesses of turbulence models in complex flows involving pressure gradient, streamline curvature, and separation.
The standard k-ε model has certain weaknesses in dealing with some complex flow cases, particularly where strong streamline curvature and swirl are present, as there are no specific terms to account for the anisotropy of the Reynolds stress field directly. In addition, the application of wall functions also introduces the risk of non-physical results, as strong swirl can cause the near wall velocity profile to deviate from the log law. In flows dominated by near wall behaviour, this poses a significant risk of inaccuracy. By definition, RSMs are more suited to modelling complex flows, as transport equations for each of the Reynolds stresses are solved to account for the effect of anisotropy in the Reynolds stresses on the turbulence levels. Jakirlic et al. [7] evaluated the predictive capabilities of three Reynolds stress turbulence models, together with the standard k-ε model and some of its modified forms, against experimental measurements and direct numerical simulation data for a variety of rotating and swirling flows. The principal aim of the study was to identify the key flow features that the turbulence models fail to reproduce accurately. In this case, the three RSMs presented were the standard high Reynolds number of Launder et al. [8] , the SSG model of Speziale et al. [9] , and a further HJ model proposed by Hanjalic and Jakirlic [10] . The two-equation models used were the standard k-ε model and the modified low Reynolds number versions proposed by Launder and Sharma [11] and Chien [12] . The authors found the RSMs produced good agreement of the main flow parameters for each flow case considered, and stated that in addition to modelling the individual Reynolds stresses, the ability of the turbulence model to integrate right up to the wall is an important factor. The deficiency of the wall function approach was found to be greater at higher levels of swirl and at higher rotation rates. However, they also noted that a wall function approach became increasingly valid at higher Reynolds numbers. In this case, it was due to the fact that at higher flowrates the additional strain rates giving rise to non-equilibrium effects arose from the inner part of the flow as opposed to being dominated by the near wall effects.
This investigation focuses on three separate pipe bends having R/r values of 1.3, 5, and 20 and presents numerical results from a series of CFD calculations using four turbulence models; the standard k-ε, realizable k-ε, k-ω, and RSM. Corresponding experimental data from a previous experimental programme concerning these pipe geometries are provided for comparison in each case [13] so as to assess the efficacy of the numerical models.
BEND GEOMETRIES
Each pipe bend under consideration had a circular cross-section of diameter (d) 0.0254 m. The radii of curvature (R) of the three bends were 0.01651, 0.0 635, and 0.254 m. For the bend with R/r = 20, it was expected that the losses would be predominantly due to friction. For the bend with R/r = 5, losses would be a combination of friction and separation, whereas for the smallest bend with R/r = 1.3, the losses would be mostly due to separation. Test pieces were manufactured in two halves and carefully polished using 1200 grade abrasive paper to ensure a smooth surface finish; surface roughness was assessed to have a Ra value of 0.2 µm. The machined test geometries are presented in Fig. 1 . The pipe configurations were tested on a steadystate flow rig, ensuring that sufficient lengths were provided upstream and downstream of the test geometry to isolate the flow from external disturbances; 140d upstream and 110d downstream of the bend. A comprehensive description of the test configuration can be found in reference [13] .
COMPUTATIONAL METHODOLOGY
The commercial CFD code Fluent 6 TM was used, with mesh generation packages ICEM CFD and Gambit.
Fig. 1 Machined test geometries
Three-dimensional steady-state Reynolds averaged Navier-Stokes (RANS) equations were solved using the segregated implicit solver. All meshes used in this study had the same dimensions as the experimental geometries. To reduce the size of the computational domain, only half of the pipe and 50d upstream of the bend was modelled. This was judged to be a sufficient length to ensure fully developed flow at the inlet to the bend. A downstream length of 70d was modelled, which was sufficient to re-establish the fully developed flow. Non-equilibrium wall functions were used for the treatment of the near wall layer. Mesh resolution was driven by the wall y + , and considerable care was taken to ensure that the aspect ratio of the cells was as uniform as possible to the general features of the flow. The expansion ratio was generally kept below 1.2 to ensure sufficient mesh refinement throughout the domain. In accordance with the requirements of the non-equilibrium wall function, the value of y + was set to be between 30 and 300 for the majority of the calculations. However, some calculations were carried out for the bend with R/r = 1.3 using a refined mesh ( y + ≈ 1) employing an enhanced wall treatment (EWT). A hybrid mesh topology was used for the bends, with a prismatic core and structured cells near the walls (Fig. 2) . Typically, meshes consisted of ∼700 000 cells.
The second-order scheme was used for the RANS calculations, with a pressure-velocity coupling achieved using the SIMPLE algorithm [14] . The default under-relaxation factors were used for all but the RSM model, where the factors were lowered to aid convergence. At the highest flowrates, the mean Mach number in the pipes was 0.23. In some regions of the domain, Mach numbers above 0.56 were observed, and therefore the full compressible flow equations were solved. Four turbulence models were employed for this investigation -the standard k-ε [15] , realizable k-ε [16] , standard k-ω [17] , and RSM [8] .
At the domain inlet, a fully developed total pressure profile was specified, which was calculated using relationships presented by Zagarola and Smits [18] 
0.137 50 < y + < 500 (1)
where R + = Ru τ /v. The experimental gauge pressure and total temperature were specified at the inlet for each mass flowrate. The turbulence intensity was set at 2 per cent, and the turbulence length scale set equal to 0.07d. These values represent modest magnitudes of turbulence intensity and were determined from the hypothesis that for internal flows, the turbulence intensity I ≈ 0.16Re −1/8 as recommended in the Fluent guidelines. At the domain exit, a pressure outlet boundary condition was used, and the static pressure set equal to the experimentally measured value.
COMPUTATIONAL RESULTS
Results are presented for all four turbulence models in terms of the predicted upstream and downstream pressure profiles, and also the pressure distributions along the inner and outer walls of each bend. Experimental measurements are included to evaluate the predictive ability of each turbulent model. Detailed pressure and velocity fields are then presented from the RSM predictions for each bend, with the results
Fig. 2 Hybrid mesh topology for bends
from the standard k-ε model given for comparison purposes in each instance. For consistency, predicted pressure values were taken at the same locations as in the experiments, and the pressure loss was expressed as an equivalent length, l e /d. Computed results are presented for the highest flowrate attained in the experiments of 0.0431 kg/s, as it was felt that the stronger pressure gradients at higher bulk flow velocities would present the sternest test for the numerical models. In contrast, the wall function approach used could be considered to be more physically valid at higher Reynolds numbers, as suggested by Jakirlic et al. [7] .
R/r = 1.3
The static pressure distributions at the upstream and downstream tangents are presented for each of the four turbulence models in Fig. 3 , together with the corresponding experimental data. At the inlet 50d upstream of the pipe bend, the predicted values are all close to the experimentally measured values as the inlet boundary condition was defined in terms of the total pressure profile, which was calculated from the measured pressure. Further downstream towards the bend, the turbulence models appear to over-predict the pressure loss, with lower values at locations −10d and −5d. In the downstream tangent ( Fig. 3(b) ), the four turbulence models exhibit virtually identical behaviour. At 5d downstream of the bend, the predicted values are all above the experimentally measured values (from 9 per cent for each of the standard k-ε models to 13 per cent for the k-ω model), indicating that the numerical models are over-predicting the pressure loss in the downstream length. A notable discrepancy between the measured and computed results is that while the measured data show an oscillatory reduction in pressure up to a location of 30d downstream of the bend, the predicted results show a gradual reduction, which is almost linear beyond 15d downstream of the bend. The measured results suggest that the flow rebounds off the pipe walls after the sharp bend, causing oscillations in the measured pressure as the flow re-adjusts to the axial direction in the downstream tangent. Hawethorne [19] , Kirchbach [20] , and Schubart [21] have previously noted this type of oscillatory behaviour in pipe flows.
The pressure variations along the inner and outer walls of the bend are given in Fig. 4 . Due to geometrical restrictions, static pressure was only measured at the bend inlet (0 • ) and bend exit (90 • ) along the inner wall, whereas along the outer wall it was measured at the bend inlet, exit, and halfway around the bend (45
• ). The reference pressure in this case was taken 5d upstream of the bend, and the axial velocity and density were averaged over the inlet to the computational domain. For the inner wall, the flow was accelerated into the bend and the wall experienced a positive pressure gradient up to 45
• . Further downstream, a strong adverse pressure gradient was present, causing local flow separation as shown in the predicted flow fields (Figs 5 and 6 ). The realizable k-ε and RSM predictions lie below the experimental values at the bend inlet, implying that the pressure loss was over-predicted. At the bend exit, the turbulence models under-predicted the pressure loss due to separation.
The predicted pressure fields from the RSM and standard k-ε model are presented in Fig. 5 . Both models show a region of high pressure on the outer wall of the bend as the flow decelerates and turns. A lowpressure region is formed at the inner wall as the flow accelerates around the bend, with the RSM indicating the further extension of this low-pressure region. The resulting velocity field is indicated by the velocity vector plots in Fig. 6 , which indicates the RSM to predict a slightly larger re-circulation zone downstream of the point of flow separation. Further downstream towards the bend exit, the RSM indicates the flow to accelerate slightly as it is dragged away from the inner wall towards the centre of the bend by the high-momentum fluid along the outer wall.
The separated region at the inner wall (as shown in Fig. 5 ) is clearly indicated in the vector plot for both models, which results in a thick boundary layer on the inner wall downstream of the bend. Approximately at 0.75d downstream of the bend for the k-ε model and at 0.79d for the RSM, the flow re-attached to the wall. Fully developed flow was re-established downstream of the bend at a distance of 58d for the k-ε model and at 50d for the RSM. The secondary flow patterns in the pipe at 1d and 5d downstream of the bend are presented in Figs 7 and 8 , respectively. Both the k-ε and RSM predictions show similar patterns: 1d downstream of the bend two helical structures present in this half of the bend, one towards the inner wall of the bend and the other towards the outer wall further away from the centre-line. Both helical structures have the same sense of rotation, with the secondary flow near the centre-line shown to gather low-momentum fluid from the separated region at its core. This behaviour is shown to be more prominent in the RSM prediction, which may be attributed to the ability of this model to account for anisotropy in the Reynolds stress field. As a result of the stronger secondary flows predicted by the RSM model, more low-momentum fluid is entrained from the separated region by the high-momentum flow, which accounts for the larger low-pressure region observed for the RSM model in Fig. 5 . At a location 5d downstream, the secondary flow structures have merged to give one secondary flow vortex, and the low-momentum fluid is shown to have mixed with the high-momentum flow and dispersed. In the full pipe cross-section, this represents two counter-rotating vortices, similar to the classical secondary flow patterns observed in pipe bends by Rowe [2] . Although the predicted flow patterns are similar for both the k-ε model and the RSM, the secondary flow magnitudes are larger for the RSM, as indicated by the larger velocity vectors.
The overall loss predictions for the bend with R/r = 1.3 at different Reynolds numbers are given in Fig. 9 , expressed in equivalent length form, together with the corresponding measured data. The RSM predicted higher pressures than the k-ε model at lower Reynolds numbers, but yielded similar pressure losses at higher Reynolds numbers. Both models, however, severely under-predicted the experimental pressure loss over the entire Reynolds number range, with the RSM under-predicting the experimental data by 24-33 per cent. The turbulence models may fail to predict accurate pressure data due to the strong pressure gradients, streamline curvature, and the high degree of separation present. As shown in the predicted flow fields, the overall loss levels are the result of the combined effect of separation and secondary flows, and to a lesser extent frictional losses. These results highlight the difficulty in accurately resolving such complex flow behaviour using a RANS approach.
R/r = 5
The predicted static pressure distributions at the upstream and downstream tangents of the bend with R/r = 5 are presented in Fig. 10 , together with the corresponding experimental data. In the upstream tangent, the k-ε, realizable and RSM all showed excellent agreement with the experimental data, whereas the k-ω model over-predicted the pressure values, particularly near the inlet. In the downstream tangent, the turbulence models yielded virtually identical results. Again, the predicted data did not exhibit any of the oscillatory behaviour present in the experimental data. Instead, the data showed a gradual change in the gradient, and beyond 50d showed excellent agreement with the experimental data, which is to be expected since the experimental exit pressure was set as a boundary condition.
The pressure variations along the outer and inner walls are presented in Fig. 11 . Along the outer wall, the flow experienced an adverse pressure gradient initially up to the 45
• location, after which it accelerated due to the favourable pressure gradient. The computed results show excellent agreement with the experimental data for each turbulence model, apart from that at the bend exit (90
• ), where the computed pressure is over-predicted. At the inner wall, the flow experienced a favourable pressure gradient up to the 45
• location, after which an adverse pressure gradient existed. In this case, it was not sufficient to cause the flow to separate. Again, the turbulence models show excellent agreement with the measured values, apart from that at the bend exit, where the RSM marginally under-predicted the pressure loss. Figure 12 shows the predicted pressure fields in more detail using the k-ε model and the RSM. Again, as for the bend with R/r = 1.3, a high-pressure region is predicted on the outer wall and a lower pressure region on the inner wall, with virtually no difference between the two turbulence models. In Fig. 13 , the velocity vectors in this case show that the adverse pressure gradient along the inner wall of the second half of the bend was not sufficient to cause flow separation. Similar to the bend with R/r = 1.3, the high-velocity fluid still moves towards the outer wall downstream of the bend, again resulting in lower momentum fluid and a thicker boundary layer near the inner wall. In this case, fully developed flow was re-established, downstream of the bend, at a distance of ∼54d for the k-ε model and at 48d for the RSM.
The secondary flow patterns on planes 1d and 5d downstream of the bend are presented in Figs 14 and 15. In this case, the secondary flow patterns at 1d The RSM prediction shows two secondary flow vortices, one close to the inner wall and another slightly offset from it, further from the inner wall. As in the case for the bend with R/r = 1.3, the vortex closest to the inner wall has a core of low-momentum 'loss' fluid at its centre as a result of the boundary layer fluid in this region being entrained by the secondary flow. However, in this case, the loss core is less prominent than for the bend with R/r = 1.3 as no separation is present. Further downstream, both models show similar patterns with one vortex in this half of the pipe. However, the centre of the vortex is closer to the centre-line of the pipe for the RSM. It is also evident that the secondary flows are weaker at 5d downstream of the bend, which is due to the lower radius of curvature. The overall loss predictions in equivalent length form are presented in Fig. 16 . At lower Reynolds numbers, the RSM gives reasonably good agreement with the experimental data (within 7-9 per cent). As Reynolds number increases, however, the discrepancies increase to between 20 and 25 per cent. As expected, the loss predictions are improved in relation to those for the bend with R/r = 1.3 since there is no flow separation present, however, a significant error still exists. The use of finer grids and EWT could improve the results, as the increase in the discrepancy at higher Reynolds numbers suggests the model cannot accurately calculate the velocity profiles extending from the walls as the mainstream velocity magnitudes increase.
R/r = 20
The pressure distributions in the upstream and downstream tangents for the bend with R/r = 20 are presented in Fig. 17 . All but the k-ω model show excellent Pressure distributions along the inner and outer walls are shown in Fig. 18 . As the flow accelerated into the bend, the flow experienced a favourable pressure gradient along the inner wall. The RSM, k-ε, and realizable models, all exhibited excellent agreement with the measured values, apart from at 5d downstream of the bend where the pressure is over-predicted. In contrast, the k-ω model under-predicted the pressure values along the length of the inner wall. At the outer wall, the RSM, k-ε, and realizable models, again, show good agreement apart from at 5d downstream of the bend, and similarly the k-ω model underpredicts the pressure values along the length of the outer wall.
The predicted static pressure field is given in Fig. 19 , highlighting the less severe pressure gradients experienced throughout the pipe bend in comparison with the bends with smaller radii. There are some subtle differences in the predictions between the two models of which the k-ε model shows the high-pressure region at the outer wall to extend a greater distance around the bend. The corresponding velocity vector plot in Fig. 20 shows the high-velocity flow to move towards the outer wall downstream of the bend, and the fully developed flow is re-established at ∼38d for the k-ε model and 32d for the RSM.
For this bend, the predicted flow fields for each model show greatly reduced secondary flows due to the more gentle curvature (Figs 21 and 22 ). In this case, both models indicate one distinguishable helical flow structure, situated close to the inner wall for one and offset from the centre-line for the other. Although no prominent loss core is indicated at the centre of the vortex, the contours indicate that some proportion of the low-momentum fluid near the inner wall is still dragged towards the centre of the pipe by the secondary vortex 5d downstream of the bend, and the secondary flows are seen to be further weakened (Fig. 22) .
Out of the three bends studied, the overall loss predictions for the bend with R/r = 20 were closest to the experimentally obtained values (Fig. 23) . The RSM predictions are within 1-5 per cent at low Reynolds numbers and within 9-15 per cent at higher Reynolds numbers. The reduced curvature and weaker pressure gradients contribute to a less complex flow field, and as a result, the numerical results show improved predictive performance.
ENHANCED WALL TREATMENT STUDY
In comparison with the good agreement shown between predictions and measurements for the bend with R/r = 20, the results for the bend with the tightest radius of curvature (R/r = 1.3) showed a significant under-prediction of the pressure loss around the bend. With this in mind, it was felt that it could be of interest to investigate the use of a refined mesh employing a more comprehensive near wall modelling approach to determine whether a better agreement could be obtained. Calculations were carried out on a refined mesh ( y + ≈ 1) using the EWT model in Fluent. With finer meshes, this is a two-layer approach that solves the near wall region right through the viscous sublayer. In this way, a low Reynolds number calculation is carried out in the viscous sublayer, wherein the Wolfstein equation [22] is solved, while the k-ε model is applied in the fully turbulent region. Thus, the turbulence kinetic energy can be calculated in wall adjacent cells, and the computed near wall velocity gradient is more sensitive to changes due to pressure gradient effects. The pressure variation along the inner and outer walls of the bend with R/r = 1.3 along the inner wall (a) are given in Fig. 24 . The EWT predictions were marginally closer to the measured pressures. The EWT prediction is significantly higher than the wall function value at 45
• . However, unfortunately there is no experimental data available at this location to confirm whether the weaker pressure gradient predicted with the EWT approach is more valid. Along the outer wall (b), the EWT predictions again gave marginally better agreement with the measured pressures. The pressure loss is expressed in equivalent length form in Fig. 25 . At the highest Reynolds number case under consideration, the EWT produced a loss that was 8.7 per cent above that of the non-equilibrium wall function and, thus, in better agreement with the experimental value. One explanation for the generally lower values of the predicted pressure loss is that the centre-line protrusion present in the test geometries was not modelled in the CFD calculations. These results do, however, indicate improved levels of accuracy using the EWT approach. 
CONCLUSIONS
For the bend with the most gentle curvature and weakest pressure gradients (R/r = 20), the turbulence models, with the exception of the k-ω model, showed excellent agreement with measured pressure data in the upstream and downstream tangents, and along the inner and outer walls of bends. The RSM was found to predict the pressure loss with good accuracy in this instance, particularly at lower Reynolds numbers (within 1-5 per cent). For the bend with an R/r value of 5, the numerical results showed similar accuracy to those observed for the bends of largest radii in the upstream and downstream tangents, and along the inner and outer walls. The discrepancy in the predicted losses of the RSM and the measured data increased between 7 and 9 per cent at lower Reynolds numbers and between 20 and 25 per cent at higher Reynolds numbers, highlighting the difficulty in resolving the detailed flow features accurately when the streamline curvature and the pressure gradients increase. For the tightest bend (R/r = 1.3), the numerical results highlighted the presence of separation on the inner wall, just downstream of the bend, due to the existence of an adverse pressure gradient. The CFD calculations over-predicted the pressure values along the inner wall where the flow separated and, thus, under-predicted the loss, with the discrepancy increasing to 24-33 per cent. Previous computational studies by Shao and Riffat [3] found the k-ε model to give better agreement with experimental data than the RSM for 180
• U-bends, with the RSM predicting values double those measured experimentally. Kim et al. [6] , having investigated a number of different complex flow cases, suggested that the RSM was best suited for cases involving complex flows and strong streamline curvature. In this investigation, although requiring additional computational effort, the RSM was shown to give the most accurate loss prediction of the four models considered. The accuracy was found to reduce, however, as streamline curvature, separation, and secondary flow effects became more prevalent with a reduction in the R/r value. The turbulence models can be ranked as follows: the RSM yielded the most accurate pressure loss data, followed by the realizable k-ε model, then the standard k-ε model, and finally the worst of all was the k-ω model. Calculations with a refined mesh employing an EWT approach led to better agreement with the experimental data for the bend with the tightest radius of curvature (R/r = 1.3), which suggests that standard wall function approaches are unsuitable for flows with such a high level of streamline curvature and such strong pressure gradients present.
